INTRODUCTION
Although the enzymology of the microbial degradation of a number of monoterpenes, including geraniol (Seubert e t al., 1903; Cantwell e t al., 1978) , (+)-camphor (Gunsalus & Marshall, 1971 ; Ougham e t al., 1983) , a-pinene (Grisths e t al., 1987a, b) and 1,8-cineole (Williams e t a/., 1989), is fairly well understood, information on the enzymology of ring cleavage and degradation of (-)-menthol and (-)-menthone is lacking. (-)-Menthol is a cyclic monoterpene secondary alcohol that may be oxidized to the corresponding ketone (Shukla et al., 1987) . (-)-Menthone can be regarded as a substituted cyclohexanone and, as such, is a prime candidate for ring cleavage mediated by a biological Baeyer-Villiger oxygen insertion in conjunction with a lactone hydrolase (Trudgill, 1984) . This sequence of reactions, leading to the formation of 3,7-dimethyl-6-octanolide and its hydrolysis to 3,7-dimethyl-6-hydroxyoctanoate, was proposed by Shukla e t a/. (1 987), although evidence was confined to the identification of the acyclic compound in culture medium Abbreviation: Paraoxon, diethyl p-nitrophenyl phosphate.
when Rhodococczls sp. strain M-1 was grown with (-)-menthol. Nakajima e t a/. (1976, 1978) also isolated 3,7-dimethyl-6-hydroxyoctanoate from culture medium when Psezldomonas pzltida YK-2 was grown with ( -)-menthone and assumed that 3,7-dimethyl-6-octanolide was a catabolic intermediate, although the identification of an additional metabolite, 3,7-dimethyl-3,6-epoxyoctanoate, was a complicating feature ( Fig. 1) . In contrast, studies by Sawamura e t al. (1976) , in which a strain of PseHdomonas Jzlorescens was grown in peptone medium in the presence of (-)-menthone, showed that attack was primarily at the 7-methyl group, which was oxidized to carboxyl. In this study we report the isolation of a Coynebacterizlm sp, that is capable of growth with (-)-menthol and (-)-menthone as sole carbon sources and identify the enzymes and the intermediate involved in ring cleavage.
METHODS
Bacterial strain. Eleven soil samples from geographically diverse sources were screened by elective culture with (-)-menthol. Only one organism, which displayed characteristics that place it in the Coryzebacteritlm group, designated strain Corynebacterium sp. strain RWM1, was isolated. After growth on A A Fig. 1 . Structures of (a) (-)-menthol, (b) (-)-menthone and (c) 3,7-dimethyl-6-octanolide, the presumed intermediate leading to (d) 3,7-dimethyl-6-hydroxyoctanoic acid. This latter metabolite was accumulated by Rhodococcus sp. (M-I) and P.
putida YK-2 when grown on menthol. Metabolite (f), 3,7-dimethyl-3,6-epoxyoctanoic acid, was also accumulated by P. putida YK-2, and metabolite (e) was formed from (--)-menthone by a P. fluorescens strain growing in peptone medium in the presence of (-)-menthone.
nutrient agar for 5 d at 30 OC, colonies were 3-4 mm in diameter, buff-coloured, domed, smooth and shiny. Pigment production was enhanced in the light. The organism was Gram-positive and non-motile. Young cultures consisted of irregular rods with complex angular arrangements which gave rise to very short near-coccoid cells, singly or in short chains in older cultures. It was catalase-positive, oxidase-negative, grew on Koser's citrate medium, hydrolysed starch but not gelatine or arginine and produced nitrite from nitrate. Growth on glucose occurred without acid or gas production. Cor_ynebacterium sp. strain RWMl was maintained on nutrient agar slopes at 4 "C and subcultured at regular intervals.
Growth of Corynebacterium RWM1. Cultures were grown aerobically at 30 "C. Basal media contained (g 1-' ) : KH,PO,, 2 ; Na,HPO,, 4; (NH,),SO,, 1 ; and 4 ml trace-metal stock solution 1-' (Rosenberger & Elsden, 1960) . (-)-Menthol and (-)-menthone (0.25 g 1-' ) were added directly to the sterilized basal medium. Sodium succinate (2 g 1-' ) was added to the basal medium before autoclaving. Cultures were usually grown according to the following procedure. Succinate medium (20 ml) in a 100 ml conical flask was inoculated from a slope arid incubated on an orbital shaker (150 r.p.m.) for 24-36 h. Subsequently, 10 % inocula were transferred sequentially at approximately 48 h intervals to 20 ml, 50 ml and 500 ml vols of media, with (-)-menthol or (-)-menthone as carbon source, in 100 ml, 250 ml and 2 litre conical flasks, respectively. Further additions of carbon source (0.25 g 1-' ) to each stage of growth were made at approximately 12-24 h intervals. For larger crops of cells grown on (-)-menthone, two 500 ml cultures were used to inoculate 10 litres of medium in a New Brunswick Microferm laboratory fermenter which was stirred at 350 r.p.m. and aerated with sterile air at 1 litre min-'. Growth was monitored at 580 nm and additions of (-)-menthofie (0.25 g 1-' ) were made as necessary. Cells were harvested when the OD,,, after appropriate dilution reached 1.5, resuspended in an equal volume of 42 mM phosphate buffer (pH 7.1) and stored at -20 "C until required.
Preparation of cell extracts. Cell suspensions were thawed at room temperature and disrupted by passage through a French pressure cell with a pressure difference at the orifice of 138 MPa. Broken-cell suspensions were incubated with DNase (EC 3.1.21. l), 50 pg ml-', for 15 min at 4 "C and then centrifuged at 48 000 g for 45 min.
Buffers. The 42 mM sodium/potassium phosphate buffer used routinely was prepared by dissolving 4 g Na,HPO, and 2 g KH,PO, in 1 litre of distilled water to give a pH of 7.1. Phosphate buffers of different molarities were made by diluting this buffer as required.
Measurement of oxygen uptake. Oxygen consumption by whole cell suspensions, crude cell extracts or partially purified enzymes was measured either by conventional Warburg manometry or polarographically using an oxygen monitor (Yellow Springs Instrument).
Enzyme assays. ( -)-Menthone oxygenase was assayed either by following substrate-stimulated NADPH oxidation spectrophotometrically or by following oxygen uptake polarographically when 1 pmol (-)-menthone was added to a 1 cm light-path cuvette or an oxygen monitor reaction vessel that contained, in a final volume of 1 ml, 0.15 pmol NADPH, 80 pmol sodium pyrophosphate buffer (pH 7.5) and 0.02-0.10 U oxygenase. 3,7-Dimethyl-6-octanolide hydrolase was measured with either 3,7-dimethyl-6-octanolide or E-caprolactone as substrate, depending upon the application. Enzyme (2-5 U) was added to a solution of 100 pmol substrate in 10 ml 42 mM phosphate buffer (pH 7.1), samples (1 ml) were removed at timed intervals and residual lactone was measured by the method of Cain (1961) . One enzyme unit (U) is defined as the consumption of 1 pmol of substrate or the formation of 1 pmol of product min-'. All assays were done at 30 "C.
Protein measurement. The protein content of crude cell extracts was routinely measured by the modified biuret method of Gornall e t al. (1949) . A crude estimate of the protein content of column fractions was made by measuring 4 8 0 . For more accurate measurement of the protein content of pooled column fractions, the tannin-gum arabic turbidometric assay (Mej baumKatzenellenbogen & Dobryszycka, 1959) was used.
Synthesis of chemicals.
3,7-Dimethyl-6-octanolide was prepared by the Baeyer-Villiger oxygenation of ( -)-menthone with magnesium monoperphthalate, used according to the procedure of Brougham et al. (1987) . (-)-Menthone (1 g) was added to 10 g magnesium monoperphthalate dissolved in 100 ml ethanol and the mixture was shaken at 30 "C for 27 h. Distilled water (100 ml) was then added and the product was extracted with diethyl ether (2 x 250 ml). The ether layers were pooled, dried over anhydrous Na,SO, and the solvent was removed under vacuum. The crude lactone was purified by chromatography on a Brockmann grade I11 alumina column (9 x 2 cm), eluted with 150 ml hexane followed by 150 ml hexane/diethyl ether (19 : 1, v/v) to displace the lactone. Fractions containing the lactone were pooled, the solvent was removed under vacuum and the lactone was recrystallized from boiling hexane. GC-MS analysis gave a molecular ion m/e 170 (M+) with major associated ions at 127 (M+-C,H,), 99 (C,H,,+), 81 (M+-C6Hl10), 69 (C,H,+), 55 and 43 ; this fragmentation pattern showed all the major ions reported for the compound by Nakajima eta] . (1978) .
The 'H-NMR spectrum showed peaks at 6 4.05 (quartet, H6,J6,, = J6,,), 6 2.5 (H2) and three methyl groups at 6 1.07, 1-00 and 0.95, all compatible with the assigned structure.
The sodium salt of 3,7-dimethyl-6-hydroxyoctanoic acid was prepared from the 3,7-dimethyl-6-octanolide by hydrolysis with NaOH. The lactone (20 mg) was dissolved in 2 m12 M NaOH and incubated at 100 "C for 20 min. The solution was cooled on ice, 1 ml0.1 M Tris/HCl buffer (pH 8) was added and the pH was adjusted to 8 with 2 M HC1. The solution was then made up to 5 ml with distilled water and stored at -20 OC until required. GLC analysis of metabolites. Samples (1 pl) of diethyl ether extracts containing not more than 100 pg ml-l of individual metabolites were analysed by GLC on a Carlo-Erba HRGC 5300 Mega series instrument filled with a flame ionization detector and a WCOT fused silica CP-wax-52-CB capillary column (0.32 mm x 25 m, film thickness 0.2 pm). Carrier gas flow rate was 1-5 ml min-l, and the temperature programme was 45-80 "C at 25 "C min-l ; 80-1 50 "C at 3 "C min-l ; 150-200 "C at 35 "C min-l. The final temperature was maintained for 10 min.
GLC-MS analysis. GLC-MS analyses were done on a 25 m polar BP20 fused silica capillary column programmed from 50 "C (3 min) to 250 "C at 10 "C min-l. Helium was used as the carrier gas at a flow rate of 2 ml min-l. Electron impact spectra were recorded on a VG 12F mass spectrometer (VG Analytical) with a beam energy of 70 eV, source temperature of 150 "C, 100 pA emission and scan cycle time of 2.7 s.
NMR spectra. Proton NMR (lH-NMR) spectra were recorded on a J EOL FX6OQ Fourier transform spectrometer in CDC1, at 60 hlHz with tetramethylsilane as internal standard.
Sources of chemicals.
Diethyl p-nitrophenyl phosphate (paraoxon), ( -)-menthol and magnesium monoperphthalate were supplied by Aldrich. (-)-Menthone was from Fluka. Sigma supplied the boron trichloride methylating reagent (1 0 %, v/v, in methanol). All other reagents were of high purity, the majority being of AnalaR grade from BDH. (-)-Menthol is not a convenient growth substrate for liquid culture. It is a solid at 30 OC and of very low water solubility. In contrast, (-)-menthone is more soluble and, because it is a liquid at room temperature, it is more effectively dispersed. ( -)-Menthone-grown cultures were, therefore, used for most experiments. Doubling times were difficult to assess because of the slow growth rate and sensitivity to substrate but, for (-)-merithone, the doubling time was about 12 h.
RESULTS

Coynebacteritlm
Metabolite accumulation in growing cultures
GLC analysis of diethyl ether extracts of culture medium during growth on (-)-menthone revealed the transient accumulation of an acidic metabolite. GC-MS analysis of the methyl ester of this compound gave a retention time and mass fragmentation pattern identical with those obtained for the methyl ester of 3,7-dimethyl-6-hydroxyoctanoic acid prepared by hydrolysis of authentic 3,7-dimethyl-6-octanolide (see Methods).
Whole-cell oxidation studies
Whole cells of ( -)-menthol-or ( -)-menthone-grown Coyzebacteritlm RWMl oxidized immediately and rapidly ( -)-menthol, ( -)-menthone, 3,7-dimethyl-6-octanolide and sodium 3,7-dimethyl-6-hydroxyoctanoate. Succinategrown cells did not oxidize these compounds significantly during an experiment of similar duration (60 min).
Enzyme assays
Difficulties attend the assay for a putative nucleotidelinked menthol dehydrogenase because of the very low solubility of the substrate (Simonsen, 1947) Activity was negligible in extracts of succinate-grown cells.
The product of (-)-menthone oxygenation
Oxygen consumption coupled with NAD(P)H oxidation in the presence of a cyclic ketone has been encountered in the microbial degradation of simple alicyclic ketones (Donoghue et al., 1976; Griffin & Trudgill, 1972) and some monoterpene ketones (Conrad e t al., 1965; Ougham etal., 1983; Williams etal., 1989) . In each case the product of the reaction has been identified as a lactone and the reaction as a biological version of the Baeyer & Villiger (1899) reaction. When a reaction with crude cell extract (5 mg protein), (-)-menthone (5 pmol) and an excess of NADPH was allowed to run to completion in a Warburg flask, acidified, extracted with diethyl ether and analysed by GLC, no neutral metabolites were detected. After esterification, a compound with chromatographic behaviour and a mass fragmentation pattern identical with that of the methyl ester of authentic 3,7-dimethyl-6-hydroxyoctanoic acid was detected. The formation of this acid by a cell-free system reinforced the earlier suggestions from whole-cell studies (Nakajima e t al., 1978 ; Shukla e t a/. , 1987) that the lactone 3,7-dimethyl-6-octanolide may be the immediate precursor of the acid, formed by the biological ' Baeyer-Villiger oxygenation ' of ( -)-menthone.
3,7-Dimethyl-6-octanolide hydrolase
When crude cell extract (1 mg protein) of (-)-menthonegrown cells was incubated with 10 pmol 3,7-dimethyl-6-octanolide, lactone hydrolysis yielded an acidic compound that was indistinguishable from the sample of 6-hydroxy-3,7-dimethyloctanoate formed by acid hydrolysis of the synthetic lactone. The lactone hydrolase was induced by growth with (-)-menthone and was found to be more active with &-caprolactone (Table 1) . Because the latter compound was commercially available and provided a more sensitive assay, it was used as a substrate for the routine screening of column fractions during enzyme separation procedures.
Isolation and identification of the product of (-)-menthone oxygenation
The peracid-mediated Baeyer-Villiger reaction inserts an oxygen atom into a cyclic ketone between the carbon atom carrying the ketonic oxygen and the most substituted adjacent carbon. In the majority of situations, the biological Baeyer-Villiger reaction obeys the same rule (Trudgill, 1984) . Oxygenation of ( -)-menthone between carbon atoms 3 and 4 would comply with these rules to form 3,7-dimethyl-6-octanolide and, in conjunction with the detected hydrolase, would result in the conversion of ( -)-menthone into 3,7-dimethyl-6-hydroxyoctanoate. However, because of the 60-fold greater activity of the hydrolase in crude cell extracts (Table l) , verification of this postulate required selective enhancement of the oxygenase activity.
(i) Hydrolase inhibition. As was observed with the Ecaprolactone hydrolase of Acinetobacter NCIB 9871 (Bennett e t a/., 1988) , the 3,7-dimethyl-6-octanolide hydrolase in crude extracts of Corynebacteriwz RWMl was inhibited by paraoxon. Ninety percent inhibition was obtained with 10 pM paraoxon, suggesting that this enzyme also belongs to the family of esterases with a catalytically functional serine hydroxyl group (Krisch, 1971) . In addition, since the (-)-menthone oxygenase was not paraoxon-sensitive, it should have been possible to make use of this selective inhibition to accumulate the predicted oxygenation product. In practice it proved impossible to inhibit completely the hydrolase activity, and when crude extract (5 mg protein) was incubated with 5 pmol (-)-menthone, 7 pmol NADPH and 100 pM paraoxon in the Warburg apparatus, until oxygen consumption ceased, 3,7-dimethyl-6-hydroxyoctanoate was again identified as the only reaction product.
(ii) Separation of oxygenase and hydrolase. In an alternative approach, the use of conventional purification techniques to separate the oxygenase from the hydrolase was explored. One problem initially encountered was the relative instability of the oxygenase. Ethanol (10 YO, v/v) provided some protection and was incorporated into the buffers used. Ammonium sulphate fractionation, DEAEcellulose and Sephacryl S-200 chromatography all resulted in a very modest increase in specific activity of the oxygenase but did not separate it from the esterase. FPLC chromatography on a polyanion 17 column resulted in total loss of oxygenase activity. DEAE-cellulose chromatography followed by chromatography on hydroxyapatite (Table 2 ) yielded some oxygenase fractions that were virtually hydrolase-free (Fig. 2) . When the pooled fraction from the hydroxyapatite column [l unit of oxygenase activity ; 0.07 U (mg protein)-'] was incubated with 5 pmol (-)-menthone, 10 pmol NADPH and 50 pM paraoxon, a product accumulated that gave a positive reaction for lactones in the hydroxamate assay. GC analysis of samples taken at timed intervals showed the disappearance of ( -)-menthone concomitant with the accumulation of a compound that had the same retention time as 3,7-dimethyl-6-octanolide. GC-MS analysis gave a molecular ion at m/e 170 and a fragmentation pattern identical with that of the synthesized lactone.
Stoichiometry of (-)-menthone oxygenation
For measurement of (-)-menthone : NADPH stoichiometry, ( -)-menthone monooxygenase, partially purified by DEAE-cellulose chromatography (0.03 U), was incubated with 0.02-0.1 5 pmol ( -)-menthone in the presence of excess (0-25 pmol) NADPH in a 1 ml spectro- Crude extract (1.75 g protein) obtained from cells grown on (-)-menthone was loaded onto a 2.5 x 12 cm DEAE-cellulose column which was developed with a linear gradient from 0 to 0.6 M KC1 in 21 mM phosphate buffer (pH 7.1) containing 10 ? LO (v/v) ethanol. Fractions of 6 ml were collected and assayed for the enzymes as described in Methods. Fractions 62-75, with a favourable oxygenase : hydrolase ratio, were pooled, dialysed against 2 mM phosphate buffer and chromatographed on hydroxyapatite as described in Fig. 2 
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The involvement of a biological Baeyer-Villiger reaction and enzymic hydrolysis of the lactone thus formed in the microbial degradation of (-)-menthone had been presumed on the evidence of accumulated metabolites (Nakajima e t al., 1976 (Nakajima e t al., , 1978 Shukla et al., 1987) . In this paper we have shown that (-)-menthone oxidation by Coryynebacteritlm RWMl does indeed involve the proposed sequence of enzymes and that the lactone hydrolase is paraoxon-sensitive and thus probably carries a catalytically active serine residue. Atypically, the biological Baeyer-Villiger oxygenase is rather unstable, and all attempted purification procedures gave poor recovery. Separation of the two enzymes to a degree that allowed accumulation of the product of oxygenation proved difficult, and was compounded by the loss of oxygenase activity that accompanied every manipulation. An oxygenase fraction that was low in lactone hydrolase was eventually obtained and, with this preparation, the identification of 3,7-dimethyl-6-octanolide as the reaction product confirmed the enzyme as (-)-menthone 3,4-monooxygenase (EC 1 .14.13. -), a biological BaeyerVilliger monooxygenase. The ring cleavage reaction, catalysed by 3,7-dimethyl-6-octanolide hydrolase (EC 3 . 1 . 1 . -), yielded 3,7-dimethyl-6-hydroxyoctanoate, which has the carbon-chain configuration of the acyclic monoterpenes. There is only one authenticated pathway for the catabolism of acyclic monoterpene3 (Seubert et al., 1963 ; Cantwell e t al., 1978) . The ability of Coyvzebacteritlm RWMl to grow with the acyclic monoterpenes suggests that 3,7-dimethyl-6-hydroxyoctanoate degradation may be integrated into this established pathway.
